A new method called Adaptive Spectral Reconstruction (ASR) for the stochastic reconstruction of broadband aeroacoustic sources starting from steady CFD analyses is presented and applied to the evaluation of the noise radiated by a model automotive side mirror.
Introduction
Due to the more and more stringent noise certification and qualification rules, and also to the increased customers sensitiveness to acoustic emissions, the need to insert acoustic assessment early in the design stage has become in the last years an urgent request from industries in particular in the aeronautic and automotive field.
In this context the capability to assess in the design, or even pre design, stage the flow generated noise has become a topic of relevant industrial interest for a wide range of different application domains that include not only typical aerospace applications such as airframe noise, high lift device noise, and jet noise, but also automotive applications such as exhaust system noise and side mirror noise, wind turbine noise and industrial silencers noise.
The direct capture of the aeroacoustic sources using DNS, LES, or even LBM has been the focus of a large amount of research efforts in the last years and several good results have been presented (see for example [18, 19, 20, 1]) With currently available computer resources however the feasible DNS calculations are limited to simple geometries at low Reynolds numbers where the separation between the involved length scales is not too large.
When using LES and LBM the situation is a bit better, but, for realistic geometries, and high Reynolds numbers, the required resources and/or the computational times makes the methods difficult to be applied at the design stage in an industrial context, particularly considering the short development times imposed by current industry requirements.
Research efforts have therefore focused on alternative approaches that could provide realistic engineering results at an affordable resource and time cost. In particular the attention has focused on the so called synthetic turbulence reconstruction methods that permit to obtain the aeroacoustic sources starting from a simple steady RANS analysis.
Nowadays two families of methods are available for synthetic turbulence reconstruction, SNGR (Stochastic Noise Generation and Radiation) and RPM (Random Particle Mesh). SNGR originates from works of Karweith [2] , Bechara [3] and Bailly [4, 5] that introduced the core features of the approach. The basic idea consists in assuming that the unsteady turbulence velocity field can be obtained as the sum of a set of plane waves whose wavenumber, intensity, and phase is selected in such a way to match the mean statistical properties obtained from a steady RANS analysis. The turbulent field is therefore obtained as a sum of Fourier modes at different wavenumbers and, following the Taylor hypothesis of frozen turbulence, each wave number is assumed to be convected at the local free stream velocity. The mode intensity is obtained from the Von-Karman modified spectrum for isotropic turbulence scaled in such a way to preserve the total turbulent kinetic energy obtained by the RANS analysis. Once the turbulent velocity field is available, the aeroacoustic sources are reconstructed using some acoustic analogy and are propagated using a linearized Euler or a wave equation. After its introduction several modified SNGR versions have been developed, see for example Billson [6] , Casalino [8] , Mesbah [9] , and also the authors of this paper [16] .
On the other side RPM originated from the work by Careta et al [10] , in which turbulent velocity fields with prescribed two point correlations were obtained by filtering a white noise. The RPM (Random Particle Mesh) method introduced by Ewert [11, 12, 13] follows this path and permits to generate a divergence free velocity field with well prescribed two point correlations. The method requires the introduction of a scalar stream function whose derivatives represent the fluctuating velocities. The scalar stream function is reconstructed starting from a white noise field applying a Gaussian filter along the streamlines of the RANS analysis. The streamlines are computed injecting random particles and convecting them downstream. In order to define proper correlation length and overall turbulent kinetic energy, the Gaussian filter is scaled based on the results of the RANS calculation. Results have been presented with good comparisons with experiments for airfoil noise test cases including NACA0012 trailing edge noise [21] , and airfoil slat configurations [11, 12, 13] .
In spite of the spent research efforts, industrial applications of the synthetic reconstruction methods remain very limited, and this is reasonably due to a lack of robustness of the methods since some tuning parameters are usually required and different authors use different parameters for different application cases, therefore making the application difficult in an industrial context.
In this paper a new method, Adaptive Spectral Reconstruction (ASR), is developed with the objective to bypass the difficulties related to the previous cited stochastic approaches.
ASR takes its origin from SNGR but introduces two substantial modifications that make the methods' physical foundations much more robust, and removes the need of application-dependent tuning parameters.
In this paper the basic foundations of SNGR are initially summarized, then a critical review of SNGR identifies its weak points that are then used to provide the basis for the new ASR approach. Finally the new method is applied to the case of an automotive side mirror supported by a flat plate [14] and results are presented comparing the wind tunnel measurements with ASR calculation for both in plane and out of plane microphones.
SNGR Approach
The SNGR approach is based on the assumption that the turbulent velocity field can be reconstructed as a summation of Fourier components, and each component, also called mode, represents a convected plane wave. The reconstructed turbulent velocity u′ at point x and time t is therefore written as: (1) where k n is the wave vector of the n th Fourier component, u n , σ n and ψ n are magnitude, direction and phase of the n th Fourier component, and U is the convection velocity. A set of random angles is used to generate the Fourier components, and the magnitude u n is computed as a function of the wavenumber using the Von Karman-Pao isotropic turbulence spectrum E(k):
The spectrum E(k) is defined in terms of the turbulent kinetic energy K (obtained from CFD), the Kolgoromov wave number k η (estimated from CFD results), and two additional parameters A and k e that are obtained solving a system of 2 equations. The first equation relates the total turbulent energy obtained integrating the spectrum E(k) with the value provided by the CFD:
The second equation instead relates the integral correlation length (Λ int ) obtained by the spectrum (4), with the correlation length (Λ cfd ) estimated from the RANS analysis (5) [9] :
where ε is the dissipation, u t is the estimated turbulent velocity magnitude defined as , and f l is a scaling parameter that relates the two estimates of the correlation length.
Usually an infinite Reynolds number assumption is considered that permits to directly obtain: (6) Once A and k e are determined the spectrum E(k) is known and can be used to obtain u n that can be inserted in equation (1), obtaining finally the turbulent velocity field u'.
Critical Review of SNGR
Even if the SNGR theoretical formulation is well known and clear, as soon as one starts considering some implementation details the things are no more so clear and unambiguous, and different authors used substantially different approaches. Equation (1) defines the turbulent velocity field at the point x, in terms of some random parameters, so a question arise on how these parameters should be changed when considering the turbulent velocity field at the point x+dx. This is clearly a central point since this affects the spatial correlation of the reconstructed velocity that plays a fundamental role in sound radiation.
The choices adopted by different authors are completely different in this context. Some works [15] seem to generate a single set of random parameters that are kept unchanged for all the points in the domain, typically also the convection velocity U is kept constant everywhere. This is clearly unphysical since it is equivalent to assume that the vortex structures of a given size, that are represented by a specific mode in the Fourier component expansion, remain fully correlated over all points in the domain. Besides also the usage of a constant convection speed for all the domain looks to be a too strong assumption when the mean flow changes substantially in the domain.
On the other side other works [8, 16] relate the parameter variations to the local correlation length estimated from CFD results. The domain is divided in sub-regions whose size is proportional to the local correlation length and the set of parameters is changed for each sub-region, eventually performing a Gaussian smoothing near sub-regions boundaries. Also this approach however presents some fundamental problems since considering again a specific mode in the Fourier decomposition, it results that the correlation length for the velocities generated by the mode will be completely independent of the mode wavelength.
The Adaptive Spectral Reconstruction (ASR)
Starting from the limitations outlined in the previous chapter it is possible now to introduce the main features of the new Adaptive Spectral Reconstruction approach. The two main innovative features of ASR are the usage of a spectral approach to implicitly define the correlation length, and the usage of a specifically constructed adaptive mesh.
The Spectral approach
From what said in the previous chapter a natural way to improve the reconstruction can be obtained realizing that each mode of the Fourier decomposition can be considered as a description of a vortex structure with the vortex size related to the Fourier mode wavelength.
From a physical point of view it is expected that the length over which the vortex structure remains correlated is associated with the vortex size, and so in terms of Fourier modes it is possible to assume that the correlation length of each Fourier mode is proportional to its wavelength.
In order to give a more solid foundation to our assumption it is possible to focus again on equation (4) that is a classical result of homogenous turbulence theory (see for example Pope [17] ).
Consider
be written as: (7) Inserting (7) in (4), executing the integral and simplifying, equation (4) becomes: (8) that, inserting the wavelength L 0 = 2 π/k 0 , becomes: (9) This equation simply states that the correlation length of a single Fourier mode is proportional to the mode wavelength, as previously deducted.
It is possible therefore to assume that the correlation length of each Fourier mode depends just on the mode wavelength, and therefore is independent from the position in the domain. A question may arise now about how this assumption can permit to reconstruct a velocity field whose correlation length depends on the position within the domain. Again the answer comes from equation (4) that ensures, once the energy spectrum is properly chosen, that the local correlation length will be automatically obtained by the interaction of vortex structures of different wave-numbers and intensity. In other words the energy spectrum E(k) is defined solving the system of equations: (10) (11) Once the solution is obtained for E(k), the resulting velocity field will obviously reconstruct the expected correlation length Λ cfd as defined by equation (11) .
The Adaptive Mesh
Once the turbulent velocity field has been obtained the aeroacoustic sources are evaluated taking some spatial derivatives of the reconstructed turbulent field. A critical point is that, in order to correctly perform the derivatives, the underlying mesh has to be refined enough to permit the capture of the relevant length scales, that are obviously driven by local correlation length. However CFD meshes are designed to capture the flow gradients and therefore not only the relevant length scales are different but also are highly non isotropic (i.e. highly stretched cells in the boundary layer) while the turbulent field gradients are instead much more isotropic.
It is therefore clear that a dedicated mesh is required if we want to keep the reconstruction process efficient and accurate.
The solution adopted in the ASR method is therefore to generate a new non conformal adaptive mesh that is made by cubic hexahedron cells (in order to ensure maximum isotropy) and that is refined in relation to the local correlation length obtained by CFD. The mesh generation process starts by defining a refinement ratio that is the desired ratio between the local correlation length and the cell size. A cubic bounding box of the source region is initially divided in a fixed number of hexa cells (typically 16×16×16), then the ratio between the local correlation length and the cell size is evaluated for each cell and if it is lower than the refinement ratio the cell is refined generating 8 hexa cells with half size. Hanging nodes can therefore be generated in the transition regions.
The advantages of such an approach are several:
• The overall number of nodes is reduced, in respect of CFD mesh, since there are large regions, in which the local correlation length is large, that can be modeled with very large elements.
• In the regions where the local correlation length is small the mesh ensure the required refinement, while CFD meshes can be typically too coarse in these regions.
• The mesh is fully isotropic.
Sound Propagation
Once the turbulent velocity field has been synthesized with ASR the aeroacoustic sources are reconstructed in terms of Lamb vector, transformed in the frequency domain, and finally propagated using the frequency domain Finite Element solver in FINE/Acoustics that implements the Pierce wave equation for sound propagation in non uniform flows.
The Side Mirror Model Case
The ASR method is here applied to the analysis of a model side mirror case for which measurements have been conducted by C. Kato et al., at the anechoic wind tunnel at the university of Tokyo [14] . The model consists in a quarter of a sphere with 36mm radius placed on the top of an half cylinder with 72 mm height and placed on a flat plate support. An incoming flow of 40 m/s is considered. Measurements have been conducted at different positions around the mirror as outlined in Figure 1 , in particular two microphones are considered, one placed in-plane in respect of the support plate (phi = 90°) and one placed out of plane (phi = 67.5°)
CFD Analysis
The steady CFD RANS analysis used to provide the input data to ASR has been performed by Numeca Japan with FINE/Open. A mesh of about 9M cells was used with extension of about 1.4m in the flow direction and 0.7m in the transversal directions, with a k-omega SST extended wall function turbulence model. An Euler (free slip) boundary condition was applied at the outer surfaces with an inlet velocity of 40m/s and an outlet pressure of 101325 Pa. Figure 2 gives a view of the mesh bounding box with mirror surface, while figure 3 provide a view of the turbulent kinetic energy in the mid section region around the mirror, and in a plane parallel to the support plate. It is possible to see how turbulent kinetic energy higher values are generated in the shear layer on the mirror vertical lateral sides, and then bends inside the mirror wake. 
Convergence Test
All the acoustic calculations have been performed with the NUMECA FINE/Acoustic suite that implements both the ASR algorithm and the propagation tools.
As a first step some convergence tests have been performed on the adaptive mesh in order to evaluate the effect of the mesh refinement on the reconstruction process. The mesh refinement is driven by a single parameter that define the ratio between the local correlation length and the local mesh size. Refinement levels from 0.5 to 1.25 with 0.25 step have been considered for a total of 4 meshes as showed in Table 1 and figure 4. in table 2 below) . It can be seen that away from the mirror, where the local correlation length is large, the mesh is unchanged. Refinement is limited to the regions close to the mirror where the local correlation length is small. For each of the 4 meshes the ASR reconstruction has been performed, the aeroacoustic sources have been evaluated, and then have been used to radiate the noise with a free field assumption. Clearly this assumption does not model real sound propagation around the mirror and the supporting plate, but is here used just to assess the convergence of the source reconstruction process. Figure 5 reports the SPL for a point in the far field obtained using the 4 different meshes.
It can be clearly observed that the mesh refinement level has a large impact on the reconstructed spectrum, and in fact with a low refinement level (i.e. 0.5) there is a sharp drop of the energy content at about 5000kHz. This is actually the expected behavior since the mesh size has a direct impact on the smallest eddies scales that can be reconstructed. As expected increasing the refinement level the size of the eddies that can be reconstructed decreases and therefore the energy content increase at high frequency. It can also be seen that at low frequency (for example in the range 0-1000Hz) all the meshes provide the same results since at low frequencies also the low refinement mesh is adequate to capture the related eddies. Increasing the refinement the maximum frequency for which the results can be considered converged increase and, at the refinement level of 1.25 results can be considered converged at least up to 5000-6000Hz. It is possible to see that a good agreement is obtained in all the considered ranges except perhaps at low frequencies where the ASR provide values larger than measurements. This is probably due to the relatively small size of the CFD analysis domain that limits also the size of the ASR mesh and this therefore pose a bound on the largest eddy that can be reconstructed.
It is possible to note that in spite the calculation correctly reproduce the measured average values, some oscillations appear in the computed results. This is due to the fact that only a single reconstruction for a short time interval has been performed. This can be considered to be the equivalent of time averaging in measured results. Infact since the process is random in nature also measurements should present oscillations that however progressively disappear increasing the averaging time. On the computational side, due to the ergodic property of turbulence, this could be considered to be equivalent to executing several source reconstructions with different random seeds and then averaging the various results.
It has to be pointed out that, if one is interested in some form of averaged frequency results (for example 1/3 octave bands SPL), the different reconstructions can be avoided since, due to ergodicity, the results can be averaged in frequency obtaining directly a smoother behavior. The visualization of the sound propagation within the domain is showed in figures 8,9,10. It is possible to recognize that, as physically expected, the resulting sound waves radiate mainly from mirror surface and not directly from the acoustic sources placed in the volume. This correspond to the fact that quadrupole volume source does not radiate efficiently but when their field is scattered by the mirror surface dipole sources are generated that efficiently radiates in the far field. The calculation times required for the analysis, are reported in the table below and clearly shows that the method is certainly applicable at the design stage since a full analysis can be performed on a standard workstation in about 6 hours once the CFD solution is available. ASR also permits to evaluate the amplitude and location of the aeroacoustic sources in function of frequency. Figures 11,12 and 13 reports the amplitude of the reconstructed sources (modulus of Lamb vector). As expected the highest sources are in the boundary layer, but at low frequencies sources with relevant amplitude extend considerably in the field, while when the frequencies increase the sources are more and more close to the mirror surface. The availability of the reconstructed sources can be also very useful in view of the usage of ASR method in an optimization loop, since in this case the calculation times are further reduced (just 2 hours for the full frequency range 50-20000Hz)
Summary/Conclusions
A new approach called Adaptive Spectral Reconstruction (ASR), for the synthetic turbulence reconstruction from a steady RANS has been presented. The new approach takes its origin from SNGR but completely reconsider the reconstruction process in such a way to enforce not only the spectral content but also the spatial cross correlation. The two main characterizing innovations of the new approach are the usage of a spectral based correlation length for the acoustic modes, and of an adaptive mesh.
The new method has been applied to the noise radiated by a car side mirror problem obtaining good correlations with measurements, and requiring very reduced computational time (6 hours on a standard PC workstation once that the CFD RANS solution is available).
